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Abstract

Mitochondria can be released by astrocytes as part of a help-me signaling process in stroke.

In this study, we investigated the molecular mechanisms that underlie mitochondria secretion,
redox status and functional regulation in the extracellular environment. Exposure of rat primary
astrocytes to NAD or cADPR elicited an increase in mitochondrial calcium through ryanodine
receptor (RyR) in the endoplasmic reticulum (ER). Importantly, CD38 stimulation with NAD
accelerated ATP production along with increasing glutathione reductase (GR) and dipicolinic

acid (DPA) in intracellular mitochondria. When RyR was blocked by Dantrolene, all effects

were clearly diminished. Mitochondrial functional assay showed that these activated mitochondria
appeared to be resistant to HoO, exposure and sustained mitochondrial membrane potential, while
inhibition of RyR resulted in disrupted membrane potential under oxidative stress. Finally, a

gain- or loss-of-function assay demonstrated that treatment with DPA in control mitochondria
preserved GR contents and increased mitochondrial membrane potential, whereas inhibiting

GR with carmustine decreased membrane potentials in extracellular mitochondria released from
astrocytes. Collectively, these data suggest that ER-mitochondrial interaction mediated by CD38
stimulation may support mitochondrial energy production and redox homeostasis during the mode
of mitochondrial transfer from astrocytes.

Keywords

CD38; astrocytes; dipicolinic acid; glutathione reductase; mitochondria; endoplasmic reticulum;
ryanodine receptor

Introduction

Astrocytes have multicomplex roles in the regulation of neurodevelopment,
neurotransmission, cerebral metabolism and blood flow in the CNS physiology and
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pathophysiology [1-6]. Normal astrocytes protect neurons against oxidative stress and
excitotoxicity [7, 8]. In contrast, astrocytes under inflammatory and oxidative stress
conditions may release deleterious factors that damage neurons [9-13]. It has been reported
that activating astrocytic mitochondrial metabolism reverses ischemic neuronal damage
[14-16], while inhibition of astrocytic mitochondria retards neurovascular remodeling after
stroke [17]. Therefore, astrocytic metabolic health may be essential for these neuroglial
protective mechanisms.

Mitochondria are essential for maintaining intracellular function in the central nervous
system (CNS) [18, 19]. Perturbations in mitochondrial function has been implicated in
almost all forms of CNS injury and disease, e.g. stroke [20], intracerebral hemorrhage

[21], spinal cord injury [22], Alzheimer’s disease [23], Parkinson’s disease [24], and
amyotrophic lateral sclerosis [25]. Recently, it has been demonstrated that mitochondria
can also be secreted, and extracellular mitochondria play key roles in CNS disease, including
stroke [26]. Within the conceptual framework of help-me signaling [27], mitochondria

may be transferred from astrocytes into adjacent neurons in a protective manner [28], and
mitochondria transplantation has been pursued as a candidate therapeutic approach for CNS
injury and disease [29-32]. However, many gaps in knowledge remain, and the underlying
molecular mechanisms are not fully understood, including those that mediate mitochondrial
secretion and uptake, maintenance of functionality in the extracellular compartment, and
pathways that lead to neuroprotection, neuroplasticity, and inflammatory modulation [33—
36].

Although the mechanisms of mitochondrial release remain to be fully elucidated, several
pathways are being actively investigated. A recent study demonstrated that the interaction
between mitochondria and the ER may facilitate mitochondrial transfer within the osteocyte
dendritic network [37]. In the context of cerebral ischemia, we previously found that

CD38 may be a critical mechanism involved in the release of extracellular mitochondria
from astrocytes and their transfer into vulnerable neurons [28]. CD38 is multifunctional
ecto-enzyme that participates in NAD+ metabolism in order to generate second messengers
and regulate intracellular calcium levels [38]. Activation of NAD+-dependent pathways is
intimately involved in the regulation of mitochondrial metabolism and redox homeostasis
[39]. Therefore, we hypothesize that the ability of CD38 to induce mitochondria secretion
from astrocytes may be related to (i) NAD+ and calcium signaling between mitochondria
and endoplasmic reticulum, and (ii) regulation of redox status that contributes to
mitochondria functionality in the extracellular compartment.

Methods and Materials

Reagents:

B-Nicotinamide adenine dinucleotide sodium salt (Sigma Aldrich, N0632-1G), cyclic ADP
ribose (Sigma Aldrich, C7344-5MG), Dantrolene sodium salt (Tocris, 0507), CellLight
Mitochondria-GFP, BacMam 2.0 (Thermo Fisher Scientific, C10600), CellLight Golgi-
RFP, BacMam 2.0 (Thermo Fisher Scientific, C10593), ER-Tracker Blue-White DPX
(Thermo Fisher Scientific, E12353), Dantrolene (Tocris, 507). DPA/Terbium for membrane
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fusion assay kit (Biotium, 80104), 2,6-Pyridinedecarboxilic acid (Sigma Aldrich, P63808),
Carmustine (Millipore Sigma, C0400).

Primary astrocyte cultures:

Primary astrocyte cultures were prepared from cerebral cortices of 2-day-old neonatal
Sprague-Dawley rats. Briefly, dissociated cortical cells were suspended in Dulbecco’s
modified Eagle medium (DMEM, Life Technology, 11965-084) containing 25 mM glucose,
4 mM glutamine, 1 mM sodium pyruvate, and 10% fetal bovine serum and plated on
uncoated 25 cm? flasks at a density of 6x10° cells/cm2. Monolayers of type 1 astrocytes
were obtained 12-14 days after plating. Non-astrocytic cells such as microglia and neurons
were detached from the flasks by shaking and removed by changing the medium. In this
system, more than 95% of the cells were identified as type 1 astrocytes by GFAP staining
and their flattened, polygonal morphology [40, 41]. To detect extracellular mitochondria,
these rat cortical astrocytes were incubated with CellLight Mitochondria-GFP overnight,
resulting in expressing GFP in mitochondrial E1 alpha pyruvate dehydrogenase. Following
treatments, astrocyte-conditioned media (ACM) were collected for FACS analysis.

Reagent treatment in astrocytes:

Fig 1A: Nicotinamide adenine dinucleotide (NAD: 5 mM) was treated for 1 hour and
astrocytes were fixed with 4% PFA for further staining processes. Fig 1B—C: NAD (5 mM)
or cCADPR (100 uM) was co-treated with a ryanodine receptor blocker Dantrolene (10 pM)
for 30 minutes. Fig 2-6: NAD (5 mM) or NAD + Dantrolene (10 pM) was incubated in
astrocytes for 24 hrs. Dantrolene was co-incubated with NAD in astrocytes. For aconitase
inhibition with fluorocitrate (FC: 0.5 mM), astrocytes were first incubated with FC for 24
hrs followed by NAD treatment for another 24 hrs to assess mitochondrial DPA contents.
Fig.6: NAD (5 mM) or NAD + Carumustine (250 uM) was treated for 24 hrs.

Glutathione reductase activity assay:

Glutathione reductase activity was measured by Glutathione reductase assay kit (ab83461,
Abcam). Briefly, mitochondria were isolated from astrocytes stimulated with NAD (5 mM)
or NAD plus carmustine (250 uM) for 24 hrs. Each 5 pg of mitochondria was processed in
the kit according to the manufacture instruction. In the assay, glutathione reductase reduced
GSSG to GSH, which reacts with 5, 5’-Dithiobis (2-nitrobenzoic acid) (DTNB), followed by
the generated TNB2 (yellow color, Amax = 405 nm) was analyzed by a microplate reader.

Cell Viability Assays:

Neuronal injury was measured by Cell Counting Kit 8 cytotoxicity assay (DOJINDO,
CKO04-13). The relative assessments of neuronal injury were normalized by comparison with
control cell as 100% cell survival.

ATP measurement:

Mitochondrial ATP was determined by CellTiter-Glo luminescence (Promega, G7570).
Briefly, opaque-walled 96-well plates with mitochondria suspension (2 ug per 50 pL) were
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prepared. CellTiter-Glo luminescence test solution (50 pL) was added and incubated for 10
min at room temperature. Luminescent signal was determined by luminescence plate reader.

Mitochondria membrane potential measurement:

To monitor mitochondrial health, JC-1 dye (invitrogen, T-3168) was used to assess
mitochondrial membrane potential. Astrocyte conditioned media were incubated with JC1
(0.8 uM) for 30 min at 37 °C. JC1 dye exhibits potential-dependent accumulation in
mitochondria, indicated by fluorescence emission shift from green (Ex 485 nm/Em 516
nm) to red (Ex 579 nm/Em 599 nm). Mitochondria membrane potential was determined by
the fluorescent ratio with a fluorescent microplate reader.

Terbium - Dipicolinic acid (DPA) measurement:

DPA was measured by the Terbium fluorescence. Briefly, mitochondria samples were
prepared in PRO-PREP solution (Bulldog Bio, 17081) before analysis and the protein
concentration was adjusted to 10 ug/mL. Each sample (20 pL) was mixed with 100 uL of
terbium chloride solution (2.5 mM) in wells of a 96-well flat-bottomed black plates (Fisher,
14-245-197A). After incubating for 10 min at room temperature, fluorescence was detected
by fluorescent microplate reader (EX/Em, 276 nm/490 nm).

FACS analysis:

Standard FACS analysis was performed by BD Fortessa. Extracellular mitochondria were
identified by mitochondrial protein E1 alpha pyruvate dehydrogenase-GFP or Mitotracker
Deep Red. Astrocyte-conditioned medium (ACM) was collected from rat cortical astrocytes.
Briefly, ACM were centrifuged by 700g for 5 minutes in order to exclude cellular debris. It
is important to note that astrocytic viability was not affected by various stimuli in this study.
Therefore, passively released mitochondria from dying/dead cells during ACM collection
should not impact on changes in the number of actively secreted extracellular mitochondria.
When ACM were collected from astrocytes labeled by mitochondria GFP, samples were
directly analyzed by BD Fortessa following the centrifugation. Other than that, ACM were
incubated with Mitotracker Deep Red (50 nM) for 30 min at 37°C. For FACS analysis,
control beads were utilized to gate population ranging in size less than 900 nm as previously
reported [28].

Western blot analysis:

Each sample was loaded onto 4-20% Tris-glycine gels. After electrophoresis and
transferring to nitrocellulose membranes, the membranes were blocked in Tris-buffered
saline containing 0.1% Tween 20 and 0.2% I-block (Tropix, T2015) for 90 min at room
temperature. Membranes were then incubated overnight at 4°C with following primary
antibodies, anti-TOM40 (1:200, Santacruz, sc-11414), anti-glutathione reductase (1:500,
Abcam, ab137513), anti-SOD2 (1:2000, Enzo Life Sciences, ADI-SOD-111-F). After
incubation with peroxidase-conjugated secondary antibodies, visualization was enhanced by
chemiluminescence (GE Healthcare, NA931- anti-mouse, or NA934- anti-rabbit, or NA935-
anti-rat). Optical density was assessed using the NIH Image analysis software.
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Immunocytochemistry:.

After staining with primary antibody (anti-ryanodine receptor 3 antibody, 1:100,
MilliporeSigma, AB9082), fluorescent-tagged secondary antibody, nuclei were
counterstained with or without 4,6-diamidino-2-phenylindole (DAPI), and coverslips were
placed. Immunostaining images or time lapse images were obtained with a fluorescence
microscope (Nikon ECLIPSE Ti-S) interfaced with a digital charge-coupled device camera
and an image analysis system.

Statistical analysis:

Results

Results were expressed as mean £ SD. All of experiments were performed with full
blinding, allocation concealment and randomization. When only two groups were compared,
unpaired t-test (two-tailed) was used. Multiple comparisons were evaluated by one-way or
two-way ANOVA followed by Fisher’s LSD test or repeated two-way ANOVA in the Graph
Pad prism version 6. P<0.05 was considered to be statistically significant.

Astrocytic CD38 signaling through the endoplasmic reticulum ryanodine receptor
increases mitochondrial calcium and ATP, and increases extracellular mitochondrial

secretion.

CD38 catalyzes the synthesis of a calcium messenger, cyclic ADP ribose (CADPR) from
nicotinamide adenine dinucleotide (NAD™) [42]. cADPR then activates ryanodine receptors
(RyRs) in the endoplasmic reticulum (ER) and triggers Ca2* release into cytosol [43].
Therefore, we asked whether CD38-cADPR signaling stimulated ryanodine receptors in our
astrocyte mitochondrial release model. Based on previous studies [44—47], nicotinamide
adenine dinucleotide (NAD: 5 mM) was added to rat cortical astrocytes to stimulate CD38
pathway. Immunocytochemistry showed that an hour after NAD treatment in astrocytes,

the brain type ryanodine receptor 3 (RyR3) appeared to be co-expressed with the ER; no
colocalization was detected with the Golgi (Fig. 1a). At 30 minutes following treatment with
NAD or cADPR, mitochondria were localized closely to the ER (Fig. 1b) in accompanied
by increasing mitochondrial calcium uptake (Fig. 1c). When the ryanodine receptor was
blocked by co-treatment with Dantrolene, this effect was significantly diminished (Fig.

1c). Concomitantly, CD38 stimulation with NAD significantly increased ATP production

in mitochondria and blocking RyR by Dantrolene treatment canceled the effect, consistent
with a mitochondrial calcium response (Fig. 2a—b). Taken together, these data suggest that
ER-mitochondrial interaction through calcium signals may amplify mitochondrial energy
production after CD38 activation. Flow cytometry showed that NAD increased the secretion
of astrocytic mitochondria into extracellular space (Fig. 3a—b). Blocking the ryanodine
receptor with Dantrolene significantly decreased mitochondria secretion without affecting
astrocyte viability (Fig. 3a—c). Collectively, mitochondrial secretion from astrocytes may

be powered by increased mitochondrial ATP levels via a CD38-endoplasmic reticulum
signaling pathway.
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CD38-ryanodine receptor signaling increases antioxidant enzymes in astrocytic
mitochondria.

Mitochondria are important for regulating redox homeostasis [48]. The mitochondria-
associated antioxidant enzyme MnSOD converts O, «— to hydrogen peroxide (H»05).
H,0 is then catalyzed by glutathione to become H,0 and O,. With another antioxidant
enzyme glutathione reductase, oxidized glutathione is then reduced back to glutathione
[49]. Therefore, we assessed the two key antioxidant enzymes MnSOD and glutathione
reductase to ask whether CD38-mediated ER signals were also involved in the regulation
of the mitochondria redox system. Rat cortical astrocytes were stimulated by NAD and
intracellular mitochondria were isolated and analyzed over time. Western blots showed that
mitochondrial glutathione reductase was increased by NAD treatment, whereas the change
in MnSOD was moderate (Fig. 4a-b). As a control, the mitochondrial outer membrane
protein TOM40 was not changed by NAD treatment (Fig. 4a—b). At 24 hrs, when RyR in the
ER was inhibited by Dantrolene, the increase of glutathione reductase was prevented (Fig.
4c¢). Recently, dipicolinic acid (pyridine-2,6-dicarboxylic acid, DPA) has been identified as
a novel antioxidant in mammalian cells that can also interact with glutathione reductase
enzyme activity [50]. Therefore, we also assessed mitochondrial dipicolinic acid in our
system. Upon NAD treatment, mitochondrial dipicolinic acid steadily increased in a time-
dependent manner (Fig. 4d). Blocking the ryanodine receptor (co-treatment with NAD for
24 hrs) or inhibiting astrocytic aconitase to interfere with the TCA cycle (pre-inhibition
for 24 hrs followed by NAD treatment for another 24 hrs) abolished this dipicolinic

acid response (Fig. 4e—f). Taken together, these glutathione reductase and dipicolinic acid
data suggest mitochondrial redox status is regulated by endoplasmic reticulum ryanodine
receptor-mediated calcium signals after CD38 stimulation.

CD38-endoplasmic reticulum-mediated signaling supports mitochondrial redox
homeostasis after oxidative stress.

So far, our data show that a CD38 - ryanodine receptor pathway may increase energy
production and antioxidants in mitochondria. If these antioxidants are keys for mitochondrial
redox mechanism, then one should expect that interfering with this signaling pathways with
Dantrolene should correlate with a decrease in mitochondrial function under oxidative stress.
To address the question, we isolated “antioxidants-enriched” mitochondria and those where
antioxidants were diminished with Dantrolene. Then these two groups of mitochondria

were exposed to H,0, followed by JC1 measurements. Strikingly, antioxidants-enriched
mitochondria were able to maintain mitochondrial membrane potential following H,0-
exposure (Fig. 5a—b). In contrast, antioxidant-diminished mitochondria significantly lost
membrane potential after oxidative stress (Fig. 5a—b). Next, a gain-of-function experiment
was performed by adding dipicolinic acid to control mitochondria isolated from normal

rat astrocytes (Fig. 5¢). Compared to freshly isolated mitochondria, a 24 hr incubation

at room temperature decreased glutathione reductase expression along with a reduction

of mitochondrial membrane potential (Fig. 5d—e). Addition of dipicolinic acid to isolated
mitochondria restored glutathione reductase and mitochondrial membrane potential in

a concentration-dependent manner (Fig. 5d—e). Collectively, these data suggest that
CD38-endoplasmic reticulum signaling boosts mitochondrial redox status and protects
mitochondria against oxidative stress.
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Blockade of glutathione reductase with carmustine decreased membrane potential in
extracellular mitochondria released by astrocytes.

To obtain further evidence of the involvement of mitochondrial redox signaling in
supporting extracellular mitochondria, we attempted to inhibit glutathione reductase

by carmustine in astrocytes. Enzyme activity assay demonstrated that NAD treatment
significantly increased glutathione reductase activity in astrocytes while co-treatment

with carmustine successfully inhibited the enzyme activity in astrocytes (Fig. 6a). FACS
analysis revealed that co-treatment with carmustine did not change the number of total
extracellular mitochondria released by CD38-stimulated astrocytes (Fig. 6b). But inhibition
of glutathione reductase with carmustine significantly reduced membrane potential in
extracellular mitochondria (Fig. 6¢). Either treatment with NAD or NAD plus carmustine
did not influence astrocytic viability (Fig. 6d).

Discussion

Taken together, our data demonstrate that (i) CD38 to RyR in the ER pathway increases
mitochondrial calcium and ATP production in mitochondria, (ii) the same signaling pathway
enhances mitochondrial antioxidant potential in accompanied by increases of glutathione
reductase and dipicolinic acid, and (iii) these alternation in intracellular mitochondria may
allow them to be ready for the extracellular environment after secretion from astrocytes (Fig.
7).

Mitochondria are the energy center of cells, and a key regulator of the balance between

cell function and death [51-53]. Emerging findings suggest that endoplasmic reticulum-
mitochondria contact sites control calcium and redox homeostasis, mitochondria metabolism
and intracellular signaling pathways that are essential for normal cellular physiology

[54, 55]. In contrast, dysfunctional communication between endoplasmic reticulum and
mitochondria may result in neurodegenerative diseases such as Alzheimer’s disease and
amyotrophic lateral sclerosis [25, 56-58]. It is now recognized that interaction between

ER and mitochondria play a crucial role in energy metabolism through mitochondria-
associated endoplasmic reticulum membranes (MAM) [59, 60]. The interface enables close
contacts between ER and mitochondria and regulates calcium signaling, lipid transport,
mitochondrial functions and cell survival [59, 60]. This ER-mitochondria interaction may
also facilitate mitochondrial transfer between cells [37]. In this study, CD38-stimulated
astrocytes induced intracellular mitochondria to produce ATP and antioxidants through RyR
in the endoplasmic reticulum, suggesting that astrocytic CD38 may be a new target to
amplify mitochondrial energetic and redox metabolism through the endoplasmic reticulum-
mitochondria signaling.

Dipicolinic acid was originally found in bacterial spores and is responsible for bacterial
survival in times of extreme environmental stress [61]. Moreover, the synthesis of dipicolinic
acid is correlated with an increased incorporation of calcium into the endospores, and
calcium starvation results in spores deficient in dipicolinic acid [62]. Mitochondria

have been postulated to be originated from the integration of an endosymbiotic alpha-
proteobacterium into the eukaryotic ancestor [63]. Moreover, alpha-proteobacterium may
have the ability to produce spores and dipicolinic acid [64]. Therefore, it is interesting
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to ask whether the self-protection machinery evolved in the prokaryotic cells takes place

in the powerhouse of eukaryotes during the process of the extracellular secretion. In this
proof-of-concept study, we found that ER-mitochondria pathways regulated dipicolinic
acid accumulation in astrocytic mitochondria, suggesting that stimulated mitochondria may
potentially acquire dipicolinic acid-mediated resilience to various environmental stresses.

Nevertheless, there are a few caveats that warrant further investigation. First, mechanisms of
the interaction between ER and mitochondria remain to be fully dissected. ER-mitochondria
interface contains multiplex tethering complexes including MFN2 and MFN1/2, BAP31
and Fis1 and IP3R and VDAC via Grp75 etc [65]. Whether RyR in the endoplasmic
reticulum may also establish functional bridge with mitochondrial protein should be further
addressed. Second, physiological concentrations of NAD+ and NADH in vivo may be in
the micromolar range, but our study used 5 mM of NAD to stimulate cultured astrocytes

in vitro. It has been reported that the millimolar range of NAD was sufficient for signaling
experiments in vitro [44, 45]. Moreover, NAD has a short half-life of about 1 hour [46].
Therefore, a relatively higher concentration of NAD compared to physiological levels was
needed to ensure CD38 stimulation in vitro. Our previous study demonstrated that 5 mM

of NAD successfully promoted CD38-mediated mitochondrial secretion in rat astrocytes

in vitro [47]. From the collective literature, we acknowledge that NAD concentrations

are typically higher for in vitro experiments compared to in vivo models. Third, we are
fully aware that mitochondria may be passively released from dying cells [66] besides
CD38-mediated active secretion pathway. In this context, all drug treatments did not

affect astrocytic viability. Therefore, the non-specific mitochondrial extrusion or leakage
from dead or dying cells should not be the concern in our current study. Nonetheless, it
would be of interest to assess differences in functional properties between actively secreted
mitochondria and ones released by dying cells in future studies. Fourth, the mechanism of
DPA production in astrocytic mitochondria remains unknown. In the prokaryotes, dipicolinic
acid synthesis pathway utilizes multiple enzymes including dapG, asd, and dapA. Then
dipicolinic acid synthesis is completed with another enzymes including dpaAB, etfA, and
isf [67]. Do mitochondria have these enzymes? Future studies are warranted to identify

the mechanisms in mammalian cells. Fifth, it is known that dipicolinic acid is found in
substances such as Natto that may lower risks of cardiovascular disease and death [68].
Whether dipicolinic acid supplement is useful to preserve functionality of extracellular
mitochondria presenting in biological fluid and ameliorate inflammation and aging
pathology in the CNS should be addressed in future studies. Finally, our study demonstrates
that the endoplasmic reticulum - mitochondria interaction may regulate mitochondrial
secretion. However, the underlying mechanisms remain to be fully understood. Vacuole
formation is a known pathway for mitochondrial extrusion in reticulocytes [69], and the

ER may be the main membrane source for vacuole formation [70]. How the endoplasmic
reticulum-mediated vacuole formation regulates mitochondrial transfer should be explored.
Assessing causality in a multifactorial phenomenon is always difficult. Our glutathione
reductase blocking experiment confirms this specific step, but future studies are required to
truly establish causal mechanisms in all steps of the signaling cascade.

Emerging findings suggest that mitochondria interact with the endoplasmic reticulum
through the close contact sites in order to maintain metabolic homeostasis. Within the
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emerging paradigm of targeting mitochondria after CNS injury [71-73], our study suggests
that CD38 signaling may activate RyR in the endoplasmic reticulum, boost mitochondria
ATP and amplify redox homeostasis mechanisms in order to defend extracellular
mitochondria under oxidative stress conditions. These proof-of-concept molecular and
cellular data may provide a potential basis for understanding how secreted mitochondria
maintain functionality in extracellular compartments within normal or diseased tissue.
Further studies are warranted to dissect and validate the in vivo consequences of this
phenomenon in animal models of stroke, brain injury and neurodegeneration.
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Fig. 1. CD38 - cADPR signals increase mitochondrial calcium via ryanodine receptor:
a. NAD (5 mM) was added to rat cortical astrocytes for an hour. Immunostaining

demonstrated that brain-type ryanodine receptor RyR3 was expressed in the endoplasmic
reticulum (ER) in astrocytes. Scale: 20 um. b. Fluorescent staining demonstrated that
mitochondria were close proximity to the endoplasmic reticulum (ER) at 30 minutes after
treatment with either NAD (5 mM) or cADPR (100 pM). c. Rhod?2 intensity was increased
after NAD or cADPR treatment, and a ryanodine receptor blocker Dantrolene (10 pM)
blocked these effect (NAD; n= 11, NAD + Dantrolene; n=15, cCADPR; n=7, cCADPR

+ Dantrolene; n=7). Note: Each data point was normalized by vehicle-treated astrocytes
(dotted line). RM two-way ANOVA. All values are mean +/- SD.
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Fig. 2. CD38 increases mitochondrial ATP production via ryanodine receptor:
a. Rat cortical astrocytes were treated with NAD (5 mM) with or without Dantrolene (10

uM) for 24 hrs. b. Luminescence assay showed that NAD treatment increased ATP and
Dantrolene diminished the effect (Control; n= 4, NAD; n=5, NAD + Dantrolene; n=5).
*£<0.05, one-way ANOVA followed by Fisher’s LSD test. All values are mean +/- SD.
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Fig. 3. CD38 - cADPR signals increase extracellular mitochondria via ryanodine receptor:
Extracellular mitochondria were identified by mitochondrial protein E1 alpha pyruvate

dehydrogenase labeled by GFP. a-b. FACS analysis showed that NAD treatment for 24
hrs increased extracellular mitochondrial GFP events and co-treatment with Dantrolene
diminished the effects (Control; n=7, NAD; n= 6, NAD + Dantrolene; n=5). c. All
conditions did not influence cell viability (n=4). *P<0.05, one-way ANOVA followed by
Fisher’s LSD test. All values are mean +/- SD.
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Fig. 4. CD38-stimulated astrocytes increased glutathione reductase (GR) and dipicolinic acid via

RyR:

Rat cortical astrocytes were treated with NAD (5 mM). a-b. Western blot analysis

revealed that antioxidant enzyme glutathione reductase (GR) was increased in astrocytic
mitochondria over time after NAD treatment, whereas superoxide dismutase 2 (MnSOD)
was moderately changed (n= 3). */<0.05, **F<0.01 vs TOM40. Two-way ANOVA followed
by Fisher’s LSD test. c. Blocking ryanodine receptor with Dantrolene (10 pM) significantly
decreased GR expression in astrocytic mitochondria (n=3). */<0.05, **£<0.01, one-way
ANOVA followed by Fisher’s LSD test. d. Mitochondrial dipicolinic acid (DPA) was
measured by reading fluorescence emitted by terbium (Th3)-DPA complex (Ex:Em=276
nm:490 nm). DPA was increased in astrocytic mitochondria over time after NAD (5 mm)
treatment (n=4). e. NAD (5 mM) or NAD + Dantrolene (10 pM) was incubated in
astrocytes for 24 hrs. NAD significantly increased DPA, but co-treatment with Dantrolene
diminished the effect (Control; n= 15, NAD; n= 10, NAD + Dantrolene; n= 5). f. Astrocytes
were first incubated with fluorocitrate (FC: 0.5 mM) for 24 hrs to disrupt astrocyte TCA
cycle followed by NAD (5 mM) treatment for another 24 hrs. FC significantly reduced
mitochondrial DPA content (n= 3). **/<0.01, one-way ANOVA followed by Fisher’s LSD
test. All values are mean +/- SD.
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Fig. 5. Effect of CD38-ER-mediated signals on mitochondrial antioxidant redox potential in
oxidative stress environment:

a. Rat astrocytes were treated with NAD (5 mM) with or without Dantrolene (10 uM)

for 24 hours. Then mitochondria were extracted from each group for JC1 analysis after
H,0, exposure. b. Under normal condition with PBS solution, JC1 values was slightly
lower in Dantrolene-treated group, but it was not statistically significance. Importantly,
antioxidants-enriched mitochondria (NAD-treated) were able to maintain JC1 values
following oxidative stress induced by H,O,, whereas antioxidants-declined mitochondria by
Dantrolene significantly decreased mitochondrial membrane potential after H,O, treatment
(n=3). c. Mitochondria were isolated from normal rat astrocytes and applied DPA (0-500
uM) for 24 hours at room temperature. d-e. Without DPA supplement, GR expression

was decreased (d) in accompanied by significant reduction of mitochondrial membrane
potential (¢) compared to freshly isolated mitochondria (Pre). Importantly, addition of DPA
to isolated mitochondria restored GR content (d) and mitochondrial membrane potential (e)
in a concentration-dependent manner (n=5). b: **/<0.01, unpaired t-test (two-tailed). e:
*P<0.05, **F<0.01, one-way ANOVA followed by Fisher’s LSD test. All values are mean
+/- SD.
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Fig. 6. Effect of glutathione reductase in maintaining membrane potential in mitochondria
released from astrocytes:

Extracellular mitochondria were identified by Mitotracker DR. a. NAD (5 mM) treatment
for 24 hrs significantly increased glutathione reductase activity in astrocytes while inhibition
of glutathione reductase with Carmustine (250 uM) significantly decreased the activity
(n=3). **/<0.01, one-way ANOVA followed by Fisher’s LSD test. b. FACS analysis showed
that NAD treatment for 24 hrs increased extracellular mitochondrial events (Mitotracker
DR) and co-treatment with carmustine did not affect mitochondrial secretion induced by
NAD (n= 4). **F<0.01, one-way ANOVA followed by Fisher’s LSD test. c. Further FACS
analysis using JC1 demonstrated that NAD-treated astrocytes released mitochondria with
higher membrane potential compared to control, whereas co-treatment with carmustine
lowered mitochondrial membrane potential in extracellular mitochondria (n= 6). *£<0.05,
**p<0.01, one-way ANOVA followed by Fisher’s LSD test. d. All conditions did not
influence cell viability (n=9). All values are mean +/- SD.
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Fig. 7.
Proposed pathway for mitochondrial acquirement of ATP and antioxidants through ER-

mitochondria interaction.
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